This study examined the legibility of information presented on head-up displays (HUDs) for automotive application as a function of background scene complexity, the position of the HUD within field of view relative to the background scene, and the perceptual capacity of the perceiver. Groups of field-dependent and fieldindependent subjects viewed video footage from the perspective of following a lead caron an open road with low, moderate, and high scene complexity. Subjects were required to track the lead vehicle and identify HUD-presented targets of a specified orientation and specified changes in a HUD-presented speedometer. The results indicate that (a) HUD legibility deteriorated with increased visual complexity of the background scene; (b) positioning the HUD on the roadway reduced the effect of background scene complexity on HUD legibility; and (c) field-dependent subjects made fewer correct and more false positive target identifications than did field-independent subjects.
INTRODUCTION
A head-up display (HUD) uses specialized optics to display information in the operator's forward field of view as virtual images. This placement eliminates the need to shift gaze from the outside world to obtain information. HUD images may also be collimated, or presented at a distance farther into the forward scene than traditional instrumentation mounted within the cockpit facia, thereby reducing reaccommodation time between HUD information and elements in the external scene (Stokes, Wickens, and Kite, 1990) .
HUDs have been used primarily in aerospace and military applications (Weintraub and Ens-I Reprint requests should be sent to Nicholas J. Ward, Human Sciences and Advanced Technology Research Institute, The Elms, Elms Grove, Loughborough, Leics., LEI 1 lRG, UK.
ing, 1992). However, in light of the apparent virtues of HUDs in minimizing reaccommodation times and sustaining attention within the forward field of view, they are being considered for application in the automotive domain (Dellis, 1988; Sojourner and Antin, 1990) . Automotive HUDs have been proposed to display (a) codified information, either with continuous presentation (e.g., speedometer) or intermittent presentation (e.g., hazard warnings), and (b) collimated enhanced images of the forward view superposed as contact analogue images on the forward scene in real time. Nevertheless, any assumptions about the supposed functionality of HUDs operating within the automotive environment remain largely unproven.
Indeed, a number of potential problems are associated with the introduction of automotive HUDs. The implications of these problems are 736-December 1995 considerable, given that a functional HUD is not essential for driving, in contrast to the performance benefit realized by aviation HUDs. Ward and Parkes (1994) identified a number of potential detriments to safety that may arise from the incorporation of automotive HUDs. For example, the presented HUD image may introduce clutter into the field of view by obscuring critical elements in the driving scene.
Most research on HUDs has been conducted within the aviation environment and directed at avionic applications.
Because of the recency with which HUDs have been considered for use in motor vehicles, the research that has addressed the general functionality of HUDs in a dynamic driving environment is limited. Therefore, it remains unclear what the consequences are of a transfer of technologies between highly divergent application domains. This paper addresses the issue of HUD legibility as determined by the naturalistic visual field inherent in the driving environment, as distinguished from the in-flight environment (Inuzuka, Osumi, and Shinkai, 1991; Swift and Freeman, 1986) .
First, ground-based navigation necessitates continuous attention to the external situation and quick uptake of pertinent information to avoid collisions. The driving environment constitutes a dense and varied array of obstacles, some moving at relatively high speeds, which compete for the motorist's attention (Schlegel, 1993) . Moreover, the background scenery is in apparent motion relative to the forward progress of a moving vehicle. These combined factors represent a visually complex stimulus field on which to superpose HUDs, complexity that may interfere with the legibility of HUD-presented information.
For this reason careful consideration is required to ensure good forward visibility and clear legibility of the displayed images in the automotive environment (Cole and Hughes, 1990; Cole and Jenkins, 1984) . Although technical work has investigated HUD legibility in terms of the physical characteristics of the HUD image (see Harrison, 1994, and Weintraub and Ensing, 1992 , for a comprehensive review), the HUMAN FACTORS effect of the interaction between the HUD image and the background visual field on HUD legibility in the driving environment has received less attention. Second, the position of the HUD within the forward visual field can affect legibility by virtue of the relative interference of the background scene. In contrast to the visual complexity of the roadside scenery in the direct forward (and side) field of view, the roadway itself constitutes a considerably more stable and uniform background stimuli field. Thus superposing the HUD image on the roadway may improve legibility relative to the surrounding stimulus field. Although a number of technical studies have evaluated various HUD placements and recommended a position below the normal line of sight, these evaluations have seldom been conducted in relation to dynamic background driving scenes, and none has systematically varied the degree of background scene complexity (see Harrison, 1994 , for a comprehensive review).
Finally, with regard to the effects of the complexity of the background stimulus field on HUD legibility, a number of studies have found that certain individuals have more difficulty than others in identifying relevant visual information within a field of distracting stimuli typified by complex backgrounds (Dewar, 1988; Goodenough, 1976; Loo, 1978; Sanders and McCormick, 1993; Shinar, 1978) . Field dependencel independence refers to a cognitive style denoting a relative capacity to overcome embedding stimulus fields in order to perceive relevant targets (Goodenough, 1976; Hulfish, 1978; Rush and Moore, 1991) . The field-dependence end of the continuum is typified by greater domination by the organization of the field stimulus, such that the capacity to isolate an item from the context background is diminished. This construct is relevant to the perceptual task encountered when viewing and interpreting HUDs: The HUD-presented information is the relevant target that must be discerned from the extraneous stimulus field of the background scene on which it is superposed.
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The Current Study
Our study addresses HUD legibility in relation to the three affective variables summarized in the preceding paragraphs: complexity of background scenery, position of the HUD within the visual field, and field dependence of the perceiver. Subjects were prescreened and consequently categorized as either field dependent or field independent. In a laboratory experiment subjects sought to identify HUD-presented targets superposed on video footage of actual driving scenes, which were systematically varied in terms of visual complexity. The HUD image was presented either centered on the normal line of sight, to be superposed on the background vista, or below the normal line of sight, to be superposed on the roadway. In order to simulate rudimentary driving' behavior and to engage subjects with the dynamic scene, subjects performed the identification task while simultaneously tracking a lead vehicle portrayed in the video. It was expected that identification performance would deteriorate with increased background complexity, be less affected when the HUD was positioned below the normal line of sight, and be worse for the field-dependent subjects.
METHOD
Subjects
An initial pool of 47 subjects was prescreened for field dependency using the Embedded Figures Test (EFT) developed and validated by Melancon and Thompson (1989) . Lower scores on the EFT correspond to greater field dependency. Consistent with earlier studies employing the EFT to identify field-dependent and field-independent groups in terms of relative standing on obtained scores (Rush and Moore, 1991) , the EFT distribution was partitioned into the upper and lower thirds such that the top 15 subjects in the EFT distribution (mean EFT = 26.3) were categorized as field independent and the bottom 15 subjects (mean EFT score = 9.9) were categorized as field dependent, t(28) = December 1995-737 10.48, p < 0.001. Rather than estimating the "normative" distribution of field independence in the general population, the comparison of these prescribed groups constituted an analysis of the linear trend for the field independence/ dependence effect.
The final sample (30 individuals) was composed of 17 men and 13 women with a median age of 29 years (range = 17-60 years): The binocular far-point acuity of subjects was measured using a Keyston VSII Vision Screener. Far visual acuity was 20/20 for all but two subjects (25/20 and 30/20) . Twelve of the subjects had corrected vision. The nature of the corrected vision for these subjects was not recorded. All subjects held a valid full driving license. On average, subjects reported that they drove a minimum of 12 872 km (8000 miles).
Video Presentation Laboratory
Subjects sat in the driving seat of a mock-up car cockpit (with no windscreen) facing a large projection screen (4.95 m diagonal) within a black-lined room enclosed by heavy black curtains to restrict stray light. An overhead color projector at the back of the room presented color video footage of a car-following scenario recorded by a camera mounted near the driver's vantage point of the following vehicle.
Visual complexity was defined as greater variation in size, color, contour, and number of elements within the background scene through which the car-following route progressed. Three 8-min segments of on-road car-following footage were recorded during bright (but overcast) daytime conditions on Super-VHS video. Concomitant with this operational definition of visual complexity, each driving segment differed markedly in terms of the visual complexity inherent within the background scenery, classified as low, moderate, and high. As part of the experiment debriefing, subjects rated the perceived level of visual complexity of each scene condition on a 7-point scale (1 = low perceived complexity, 7 = high perceived complexity). Subjective reports of perceived visual complexity of 738-December 1995 these natural road scenes were in accord with the design representations, F(2,56) == 170.72, p < 0.001. Based on post hoc comparisons of means using Tukey's Honestly Significant Different (HSD) Test, it was apparent that subjects perceived the high-complexity scene (mean == 5.25) to be significantly more visually complex than both the moderate-and low-complexity scenes (mean == 3.38 and 2.52, respectively), d crit = 0.66, p < 0.01. The moderate-complexity scene was also perceived to be significantly more complex than the low-complexity scene.
Each subject was positioned behind a fully operational HUD. The distance between the eyes of the subject and the center point of the HUD combiner was approximately 55 em. The HUD used a broadband combiner with a color LCD display (239 x 480 pixels) with a maximum brightness of 22.6 cd/m 2 .
The projection distance of the HUD image was fixed at 5 m to be approximately flush with the plane of the projection screen. The combiner of the HUD was set at a constant height (1.14 m from the ground), and adjustments were made to the seating position of each subject so that the HUD was in the forward line of sight for all subjects. The combiner was set to adjust the vertical position of the HUD within the field of view either (a) centered on the normal line of sight on the lead vehicle and surrounding background scene (up) or (b) 3 deg below the normal line of sight on the roadway between the lead and following car (down).
In place of a steering wheel, a hula hoop was mounted on the vehicle mock-up so as to accommodate the placement of the HUD unit directly in front of the subject. The hula hoop was mounted in the horizontal plane, similar to the steering wheel orientation in a bus. A lightweight laser was affixed to this steering hoop so it could be directed toward the projection screen and track the lead vehicle.
. Two manual switches were included on the vehicle mock-up to capture subject responses: a left-hand finger switch mounted on the steering hoop and a brake pedal switch mounted for operation by the right foot.
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HUD-presented information. Two types of information were generated by graphics software and recorded onto Super-VHS video to be played through the HUD. Representations of the two types of codified information envisaged for automotive applications were chosen: (a) continuous alpha-numeric and (b) intermittent icon. (a) Speedometer: A two-digit number (1.1 x 1.1 deg) analogous to a speedometer was continuously displayed in the bottom left quadrant of the HUD. The value was edited to increase or decrease (±2, ±4, ±6) in approximate accordance with the apparent speed of the following car. (b) Target icon: A Landolt C (0.8 deg) was presented intermittently in any of the three remaining quadrants. The Landolt C was chosen as an iconic target rather than a traditional automotive symbol (e.g., analog indicator) because of its established sensitivity as a stimulus for measuring visual performance.
Information was displayed as monochromatic green to emulate contemporary HUDs. The generic position of the graphics within the HUD field of view and background scene is shown in Figure 1 (4.2 cd/m 2 , approximate contrast ratio with background scene of 1: 1.5). The physical parameters of the HUD speedometer and target icons were compatible with recommended values posited by Weintraub and Ensing (1992) . 
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Specification
of which quadrant the target would appear in was edited with reference to the car-following footage so that presentation coincided with optimal representations of each condition of background complexity. Orientation of the Landolt C opening was randomly determined. Pilot trials suggested a target presentation time of 200 ms, consistent with Cole and Hughes (1990) , in order to avoid ceiling effects in target identification and eye movements to target position.
Procedure
Subjects were instructed that their primary task was to track the lead vehicle depicted in the video footage. Subjects used the steering hoop to maintain the beam of an attached laser on the license plate of the lead car. To encourage compliance, video equipment was set up under the guise of recording tracking performance. The types of information to be presented through the HUD were then demonstrated and instructions were given for the secondary HUD task: (1) monitor the HUD speedometer to identify changes of a specified magnitude of ±4, and (2) identify HUD targets with the opening of the Landolt C facing upward (i.e., north). All subjects received the same instructions for all HUD and scene conditions. Subjects were then given several practice trials to become familiar with the procedures and display. After a fixed practice period, subjects completed all three conditions of visual complexity of background scene in either HUD position (up, down). They then completed the three complexity conditions in the alternate HUD position. The order of presentation of scene complexity (low, moderate, high) and HUD position (up, down) was counterbalanced.
Speedometer responses were recorded with the finger switch affixed to the steering hoop, and target responses were recorded with the foot pedal switch. Both switches input to a computer, which was linked to the time code channel of the Super-VHS video unit presenting the HUD speedometer and target graphics. Activation of either switch extracted the HUD video December 1995-739 time code corresponding to the initiation of the response. The response was characterized as correct or incorrect in reference to the known value of the stimulus near that point in the video sequence.
RESULTS
Two measures of HUD legibility for both the speedometer and target identification tasks were derived from subjects' responses in relation to the specified speed magnitude changes and target orientations: correct identificationsthe proportion of specified cases iden ti fied correctly-and false alanns-the proportion of unspecified cases erroneously identified as specified instances. Preliminary analysis considered each performance measure separately as a 2 field type (field independent, field dependent) x 2 HUD position (up, down) x 3 scene complexity (low, moderate, high) mixed-design analysis of variance (ANOVA). Field was treated as a between-subjects factor, whereas HUD position and scene complexity were both treated as within-subject factors. Analyses were conducted separately for the target orientation task and speedometer change task. A post hoc comparison of means was conducted with the Tukey HSD test to isolate the source or sources of the significant effects.
Correct Identifications
Target orientation task. The main effect for scene complexity was significant, F(2,56) = 153.30, P < 0.001: The proportion of correctly identified targets decreased as scene complexity increased. Based on post hoc comparison of means, derit = 0.08, p < 0.01, significantly fewer targets were correctly identified within the high (mean = 0.25) and moderate (mean = 0.33) visual complexity conditions than in the low (mean = 0.51) visual complexity condition. Also, significantly fewer targets were correctly identified within the moderate visual complexity condition than in the low visual complexity condition.
A significant interaction emerged between scene complexity and HUD position, jects identified a smaller proportion of specified targets (mean = 0.29) than did fieldindependent subjects (mean = 0.44). There was also a significant interaction between field dependency and HUD position, F(2,56) = 3.46, P < 0.05. Figure 3 illustrates that the fjeldindependent subjects performed comparably with both HUD positions, whereas the placement of the HUD on the background scene (up) was particularly detrimental to the performance of field-dependent subjects. Based on a post hoc comparison of means, d erit = 0.14, p < 0.05, the field-dependent subjects (mean = 0.23) correctly identified significantly fewer targets presented in the up HUD position than did the field-independent subjects (mean = 0.44). In addition, the field-dependent subjects performed marginally better with the down HUD position (mean = 0.35) than with the up HUD position (mean = 0.23).
Speedometer change task. The main effect for SCENE complexity was significant, F(2,56) = 27.11, p < 0.001. Based on a post hoc comparison of means, d erit = 0.11, p < 0.01, significantly fewer speedometer changes were correctly identified within the high (mean = 0.60) visual complexity condition than in the moderate (mean = 0.78) and low (mean = 0.77) visual complexity conditions. A significant interaction between field dependency and HUD position also emerged, F(2,56) = 11.13, p < 0.01. As shown in Figure 4 , the trend for field-dependent subjects was similar to that of the target orientation task (Figure 3 ). Based on a post hoc comparison of means, d erit = 0.10, p < 0.05, the performance of the field-dependent subjects with the speedometer presented in the up HUD position was signifiDecember 1995-741 cantly worse than that of the field-independent subjects.
False Alarms (False Positives)
In general, subjects made few false alarms. This led to the violation of parametric assumptions for the ANOVA with the speedometer change data. Therefore. nonparametric tests were conducted to confirm the reported significant main effects of the two within-subject factors, scene and HUD position (Wilcoxon test), and the between-subjects factor, field (MannWhitney U test). The significant main effects were supported by the nonparametric analyses. Consequently, only the F ratios from the ANOVA are reported.
Target orientation task. There was a significant main effect for scene complexity, 
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condition. A main effect for field dependency was also found, FO,28) = 27.11, p < 0.001. The field-dependent subjects made more than twice as many false alarms (mean = 0.07) as the fieldindependent subjects (mean = 0.03).
Speedometer change task. The main effect for scene complexity was also significant for the proportion of speedometer changes falsely identified, F(2,56) = 7.23, p < 0.001, although the trend was not linear. Based on a post hoc comparison of means, d eril = 0.01, P < 0.05, significantly more speedometer changes were incorrectly responded to in the moderate visual complexity condition (mean = 0.02) than in the low complexity condition (mean = 0.01) and high complexity condition (mean = 0.01). Again, the main effect for field dependency, FO,28) = 12.79, p < om, was significant, with the field-dependent subjects making considerably more false alarms (mean = 0.02) than fieldindependent subjects (mean = 0.004).
Supplementary Analyses
A natural confound emerged between subject age and EFT scores, r s (28) = -0.51, p < 0.01:
Field-dependent subjects tended to be older than field-independent subjects. In order to explicate the effects of field dependency, an additional formal analysis was undertaken employing an analysis of covariance (ANCOVA) to partial out age effects. The effects, which included the field dependence/independence factor, were reanalyzed incorporating subject age as a covariate. Within the full experimental design of the study, only age emerged as a significant covariate with the main effect of field for correct targets identified, F(1,27) = 10.22, P < 0.01, resulting in a marginally significant effect, F(1,27) = 2.88, P = 0.10.
DISCUSSION
This study yielded evidence to support the hypothesized effects of background scene complexity, perceiver field dependency, and image placement on the legibility of continuous and intermittent HUD images. The degree of background scene complexity HUMAN FACTORS had a profound effect on HUD legibility in terms of both correct and false identifications; greater scene complexity resulted in fewer correct identifications and more mistaken identifications. This effect was observed for both the continuous task of monitoring speedometer changes and the intermittent detection of specified targets. The placement of the HUD down on the roadway ahead attenuated the effect of background complexity on HUD legibility. This can be attributed to the low complexity of the roadway as a homogeneous background on which to superimpose the HUD. The reduction of HUD legibility superposed on naturalistic and dynamic driving scenes demonstrated in this study is consistent with the results of previous studies based on contrived contexts using simple geometric stimulus targets and backgrounds (Benel and Benet 1981; Boynton and Bush, 1956; Cole and Jenkins, 1984; Engel, 1974; McGilL 1960; Monk and Brown, 1975) . The results of this study are also in accord with more naturalistic observations of the conspicuity of target discs positioned within driving routes of differing scene complexity (e.g., Cole and Hughes, 1984) .
As expected, the current study demonstrated that the field-dependent subjects found the HUD display to be less legible than did the fieldindependent subjects. Specifically, the fielddependent subjects made fewer correct identifications and more false identifications for both HUD information tasks. These results are consistent with field dependence defined as a diminished capacity to overcome embedding contexts in order to perceive relevant targets (Goodenough, 1976; Hulfish, 1978; Rush and Moore, 1991) .
For both the target and speed change tasks, field-dependent subjects showed a tendency to make more correct identifications with the HUD display positioned on the roadway ahead than with it positioned directly on the surrounding scene. Moreover, field-dependent subjects made significantly fewer correct identifications with the tasks superposed directly on the surrounding scene than did the field-independent
